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ABSTRACT

Aim It has been well demonstrated that the large-scale distribution patterns of
numerous species are driven by similar macroecological factors. However, under-
standing of this topic remains limited when applied to our own species. Here we
take a large-scale look at ancient agriculturalist populations over the past two
millennia. The main aim of this study was to test the hypothesis that the patterns of
agriculturalist populations were shaped by relevant macroecological factors.

Location China.

Methods Using detailed historical census data, we reconstructed spatial patterns
of human population density over 13 imperial dynasties in ancient China, which
was dominated by agrarian societies. We used simultaneous autoregressive models
to examine the population densities of agriculturalists in relation to climatic, topo-
graphic, edaphic and hydrological variables, together with the spatial structure of a
concentration of population toward national capitals. The pure and shared effects
of these variables and the population-concentration structure were decomposed
using a variation partitioning procedure.

Results Spatial population patterns of ancient agriculturalists can be well mod-
elled by climate, topography, soil properties and local hydrological systems. A
plausible explanation is that by influencing crop yield these environmental factors
essentially drive the distribution of agriculturalists. The population-concentration
structure can also explain agriculturalist patterns to a considerable extent. This
structure and those environmental factors have largely shared effects in simulta-
neously shaping these agriculturalist patterns.

Main conclusions While humans can effectively temper environmental con-
straints at small spatial scales, our results demonstrate that macroecological factors
underpin the spatial patterns of humans at large scales. Macroecological constraints
and their relative importance are found to be similar for humans and other species,
suggesting that similar mechanisms are likely to underlie these macroecological
patterns. Our findings have potential implications for the assessment of future
responses of humans to global environmental changes.

Keywords
China, climate, demography, human macroecology, hydrological system, soil
property, spatial model, spatial pattern, topography.
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INTRODUCTION

Understanding the spatial patterns of distribution and abun-
dance of species at regional, continental and global scales is a
central goal in biogeography and macroecology. To date, such
macroscale patterns have been explained by a variety of mecha-
nisms, ranging from environmental constraints to biotic inter-
actions (Brown etal., 1996; Aratjo & Luoto, 2007; Elith &
Leathwick, 2009; Reino etal., 2013). Humans also play an
important role in shaping the distribution of a wide range of
taxa. In contrast to the extensive research efforts that have been
devoted to the impacts of humans on other organisms, human
beings per se as a unique species (Homo sapiens) are far less
understood in terms of macroscale patterns and their driving
factors. Indeed, this issue is rarely the focus of ecologists,
because the study of humans has long been the preserve of the
humanities and social sciences. However, H. sapiens is, in prin-
ciple, governed by the same physical, chemical and biological
laws as any other species. The idea that human—environment
relationships at macroscales can be explained by ecological prin-
ciples gives rise to the emerging field of human macroecology’,
which employs large datasets and statistical tools to address
issues related to human ecology at large spatial and temporal
scales (Burnside et al., 2012). Although still new, this paradigm
has already contributed valuable insights into various important
aspects of human societies, such as demographic growth, public
health, cultural diversity and sustainability (Burger et al., 2012;
Burnside et al., 2012; Amano et al., 2014; Brown et al., 2014).
One essential question in human macroecology would be
how to understand the patterns of distribution and abundance
of human populations and their driving mechanisms at
macroscales. Previous studies have demonstrated the potential
value of using ecological theories and approaches to unravel
these patterns at particular social stages. In hunter-gatherer soci-
eties, for example, population structure can be explained
through the use of well-established ecological principles involv-
ing environmental capacity, resource use and intraspecific inter-
actions (Hamilton et al., 2007). Actually, the idea that human
populations and sociocultural patterns are constrained by eco-
logical factors is not new in the field of palacoanthropology.
Recent applications of ecological niche modelling have provided
useful insights into such important palacoanthropological
topics as the extinction of the Neanderthals (Homo
neanderthalensis), the dispersal of prehistoric human popula-
tions and the development of cultures (Banks et al., 2008, 2013;
Varela et al., 2011). In comparison, for present-day humans one
might intuitively think that the role of ecological factors is rather
minor, because highly organized social structures and developed
technologies can buffer the constraints of the physical environ-
ment in particular regions or societies. However, this is not
necessarily true if we look at larger scales. For example, in the
modern era, the global abundance of the human population and
global distribution of human land use are found to be strongly
correlated with climate, topography and other environmental
factors (Small, 2004; Beck & Sieber, 2010; Samson et al., 2011).
This implies the possibility that, at macroscales, the spatial pat-
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terns of humans are substantially driven by similar ecological
mechanisms to the spatial patterns of other species. Despite
probable exceptions in specific situations, this possibility
deserves further investigation. It would be particularly interest-
ing to ask whether, and determine the extent to which, ecological
mechanisms can act as ‘universal’ explanations for macroscale
patterns of distribution and abundance of human as well as
those of other species.

During the past two millennia, most humans have lived in
agrarian societies. Agriculturalists feed primarily on crop foods,
and crop yield has always been dependent on environmental
conditions such as climate, topography, soil type and the avail-
ability of water resources (Lobell & Field, 2007; Licker et al.,
2010; Van Wart et al., 2013). Restrictions of these environmental
conditions can be mitigated by technological solutions that
enhance the efficiency of resource use and resolve problems
related to the scarcity of local resources. However, in pre-
modern agrarian societies, with a relatively low level of technol-
ogy, crop yield would depend strongly on environmental
conditions. In this sense, the environmental factors that influ-
ence the availability of food resources are, in turn, likely to
determine population size at large spatial scales. For example,
previous time-series analyses have shown that agrarian societies
in China, as well as the whole Northern Hemisphere, primarily
experienced a collapse of their populations when the climate in
a given region became more unfavourable for agriculture.
Therefore, one plausible explanation suggests that population
collapse is essentially caused by climatic changes that reduce the
carrying capacity of agrarian lands (Lee etal, 2009; Lee &
Zhang, 2010; Zhang et al., 2011). Another striking example of
such an ‘environment-resource—population’ relationship is
illustrated by the collapse of the Mayan civilization in
Mesoamerica; an appealing explanation of this collapse is that
the feedback between demographic growth and resource deple-
tion eventually led the system to a tipping point triggered by
drought (Tainter, 1988; Hodell et al., 1995; Janssen & Scheffer,
2004).

Here, we propose the following hypotheses to explain
macroscale patterns of agriculturalist population density in rela-
tion to climate, topography and resource availability. These
three factors have been repeatedly identified as the primary
determinants of species distribution and abundance at
macroecological scales.

1. Population density typically has a hump-shaped relationship
with climate, showing an optimum at ‘moderate’ climatic con-
ditions. This corresponds to the existing abundant-centre
hypothesis in ecology (Hengeveld & Haeck, 1982; Brown, 1984),
which postulates that the highest species abundance occurs at
intermediate niche space positions. This hypothesis also makes
intuitive sense, as extremely hot/wet or cold/dry environments
are not suitable for crop cultivation, and thus not suitable for
denser human settlements.

2. Lowland areas can support higher population densities than
mountainous areas, because complex topographic relief
increases the cost of agricultural land use, resulting in a lower
per unit area yield of crop. In general, such a negative
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topographic effect may also hold for other human activities (e.g.
transportation), leading to lower population densities.

3. Population density is positively correlated with local resource
availability for food production, particularly in terms of soil and
surface water resources. Areas with better soil conditions, which
can facilitate crop growth, and surface water resources, which
can facilitate agricultural irrigation and the production of foods
from aquatic sources, have higher population densities.

In addition, the formation of a population centre and the
resulting trend of a large-scale concentration of population
towards such a centre is a common phenomenon in many soci-
eties. This type of population centre is often located at an
administrative or economic centre, but not necessarily at the
geographic centre, of a population. This spatial structure of
population concentration could be driven purely by socio-
economic processes. For instance, it could originate from a
central-place foraging mode among sedentary human popula-
tions, and could be reinforced by the positive feedbacks of socio-
economic processes such as the production of scale economies.
Meanwhile, this population-concentration structure could be a
result of environmental effects if the environment also presents
such a spatial structure. At a minimum, we aim to test for the
spatial trends of population concentration toward a primary
monocentre of population at a national level. This trend serves
merely as a null model demonstrating the extent to which this
simplistic structure can capture the actual patterns of popula-
tion distribution. Multiple population centres or clusters may be
observed in many cases; however, they are not considered in our
study in order to avoid extra assumptions related to socio-
economic processes that are required for the identification and
explanation of such multiple centres.

China fostered one of the oldest civilizations in the world.
Situated in the mid-latitudes of East Asia, it spans broad envi-
ronmental gradients. The earliest agricultural activities in China
may date as far back as 8000 to 10,000 BCE, and agrarian societies
were dominant before China entered the periods of the imperial
dynasties, starting in 221 Bce. Many of China’s dynasties pre-
served detailed records, including demographic census data.
Such historical data provide us with an opportunity to look at
human population patterns at large spatial scales over nearly
2000 years. Here, we test the three above-mentioned hypotheses,
together with an analysis of the spatial structure of large-scale
concentrations of population, by statistically modelling popula-
tion density in ancient China in relation to a relevant set of
environmental variables.

METHODS

Ancient population data

China became unified as a nation for the first time in 221 BCE
and was subsequently ruled by multiple imperial dynasties.
Agrarian societies dominated the majority of China and no
systematic large-scale emigration overseas occurred before the
1840s (Lee et al., 2009), which makes the ancient Chinese popu-
lation a suitable focus for our study. For the purpose of main-

taining governance, systematic demographic censuses were
conducted during most dynasties, although data are lacking for
some short-lived dynasties. The economic historian Fangzhong
Liang made an exhaustive compilation of census data by admin-
istrative unit (Liang, 1980), which was used as the main data
source for reconstructing population patterns in the present
study. We restricted our study area to between 20 and 40° N and
96 and 122°E, which roughly separates Chinese agricultural
civilization from that of the nomadic tribes/nations. Also, we
excluded time periods when the study area (representing the
majority of China) was not unified or was ruled by short-lived
dynasties (see Appendix S1 in Supporting Information). Finally,
we retained the 13 periods when stable agrarian societies were
present (i.e. agriculturalists dominated Chinese society, and no
large-scale social conflicts occurred either during or shortly
before these periods). In this way, we were able to focus on
agriculturalists living in relatively stable social settings. By digi-
tizing and georeferencing (using an equal area Lambert projec-
tion) the Historical Atlas of China (Tan, 1982), we derived the
geographic boundaries of the administrative units and matched
them with the census data to map population density between 2
and 1820 ck. The resulting population density maps were then
converted to 100 km x 100 km grid cells (Fig. 1).

Environmental variables

Nine candidate explanatory variables were chosen and quanti-
fied for each grid cell (Table 1). Specifically, mean annual tem-
perature and precipitation (Hijmans et al., 2005) were used to
represent climatic conditions. Mean topographic slope and
standard deviation of elevation were used to quantify topo-
graphic relief. Sand fraction, available water storage capacity and
the total organic matter content of topsoil (0-30 cm) were
selected as easily interpretable indicators of soil properties
(FAO/TIASA/ISRIC/ISSCAS/JRC, 2012). The density of hydro-
logical systems, defined as the total shore length of lakes and
rivers within a given grid cell, was used to quantify the availabil-
ity of surface water resources, because the exploitation of surface
water for agricultural purposes is largely restricted to the acces-
sible riparian areas. In addition, we used ‘cost distance’ to the
administrative centre (i.e. the national capital) to characterize
the population-concentration structure at a national scale in
each period studied. Cost distance is a measure of the difficulty
of moving between two locations: each grid cell is assigned an
impedance value and the easiest transportation path from a
source site to the destination is represented by the path with the
least accumulated impedance, the value of which is defined as
cost distance (Adriaensen et al., 2003). Elevation has been fre-
quently used to measure the landscape impedance of animal
movement (Zeller et al., 2012). Cost distance is thus a simple
proxy of the impedance of human migration, based on the
assumption that the difficulty of migration through a given grid
cell is positively correlated with its elevation.

Because spatial data of the past environments are not avail-
able for the historical periods that correspond to our population
dataset, we used modern environmental data as surrogates in the
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Figure 1 Location of study area and

human population density per
100 km x 100 km grid cell in the 13 studied

Population density

periods from 2 to 1820 ce. Population o High

densities are derived from historical census M.

data (Liang, 1980) and the Historical Atlas

of China (Tan, 1982). o oo 2000

Table 1 Candidate explanatory variables and data sources.

Model Variable Unit Data source Scale/resolution

Climate Mean annual temperature °C WorldClim 1km x 1 km
Mean annual precipitation mm WorldClim 1 km x 1 km

Topography Mean slope degree SRTM elevation data 1 km x 1 km
Standard deviation of elevation - SRTM elevation data 1 km x 1 km

Resource quality Sand fraction % Harmonized world soil database v.1.2 30 arcsec
Available soil water storage capacity mm m Harmonized world soil database v.1.2 30 arcsec
Soil organic matter content % Harmonized world soil database v.1.2 30 arcsec
Density of hydrological systems km km™ China hydrological map from National 1:1,000,000

Geomatics Center of China
Concentration Cost distance to administrative centre - SRTM elevation data 1 km x 1 km

SRTM, Shuttle Radar Topography Mission.

quantification of explanatory variables. This was based on the
consideration that large-scale (at 100 km x 100 km) geographic
patterns of these variables should remain relatively stable over
the periods studied, despite the possibility of substantial tempo-
ral variations in their absolute values. For each studied period
we reconstructed the spatial distribution of temperature
(Appendix S2), which is probably one of the most sensitive can-
didate variables. Very similar results were obtained from the
reconstructed and modern temperature data (Table S2), which
can (partly) justify the use of such a surrogate for the past
environment.

Statistical analyses

We used simultaneous autoregressive (SAR) models to account
for the spatial autocorrelation (SAC) that generally occurs in
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grid cell-based macroecological datasets. Among the various
statistical techniques used to deal with SAC, the simultaneous
autoregressive (SAR) model has been shown to generally
perform well (Dormann et al., 2007). Of the three types of
SAR model (i.e. spatial error model, lagged model and mixed
model), the lagged model (SARy, assuming that the
autoregressive process only occurs in the response variable)
was selected for our study based on the assumption that the
SAC structure is generated, apart from the explanatory vari-
ables, by endogenous processes (i.e. domestic population
migration). This is the case for similar distance-related biotic
processes, such as reproduction, dispersal or geographic range
extension (Legendre, 1993; Diniz-Filho et al., 2003). The SAR
error model has been suggested to perform better on the basis
of tests using an artificial dataset (Kissling & Carl, 2008);
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however, our case is robust to the selection of SAR models,
since very similar results (not shown) can be obtained from
different model types.

Before the analyses, population density as a response vari-
able was log-transformed to avoid highly skewed distributions.
We first examined pairwise relationships between population
density and each explanatory variable using a SAR-based
univariate regression (Appendix S3). We then constructed SAR
models to separately test for the effects of climate, topography,
land resource quality and population concentration (namely
the climate, topography, resource quality and concentration
models, respectively). Quadratic terms of both temperature
and precipitation were included in the climate model to test
for hump-shaped effects. Temperature and precipitation were
also separately modelled to compare their effects. Our hypoth-
eses are complementary to each other, allowing us to combine
the climate, topography, resource quality and concentration
models into a full model to quantify the total variation
explained by all these effects at one time. Overall, we fitted
seven classes of SAR models, including the four aforemen-
tioned models plus two submodels of climate (i.e. the tem-
perature and precipitation models) and a full model. The
model selection procedure was performed based on the Akaike
information criterion (AIC) and coefficient of determination
(R?).

We calculated the variance inflation factors (VIF) of the
explanatory variables. All VIFs for the variables in each model
had a value of less than five, indicating very weak multicollin-
earity. With regard to the existing debate on spatial regression
(Hawkins, 2012), we also fitted an ordinary least squares (OLS)
model to allow for a comparison between spatial and non-
spatial models (Appendix S4). We evaluated the model fit by
comparing both R* and the Akaike weight (®;), considering
that the information-theoretic approach can be complemented
with conventional statistical testing. To assess the relative
importance of the studied effects, variation partitioning was
used to quantify the variation that can be purely explained by
an individual class of explanatory variables (i.e. the ‘pure’
effect) and also the joint effects between different sets of vari-
ables (i.e. the ‘overlapped’ or ‘shared’ effects) (Legendre &
Legendre, 2012). To do this we decomposed the SAR models
into a spatial signal and a non-spatial trend, and only the non-
spatial components were used in variation partitioning because
we focused on the effects of the explanatory variables rather
than on their effects mixed with space. We quantified the total
variation explained by all examined effects using a full model
that combined the retained variables of all individual SAR
models. In this case, the increasing multicollinearity of vari-
ables will not be a problem because we only focused on the
explanatory power. The pure and overlapped explanatory
power of each individual effect was quantified using the pseudo
R? of non-spatial components of the SAR models, defined as
the squared Pearson correlation coefficient between the non-
spatial component of the SAR prediction and observed values.
The statistical analyses were implemented in R 3.1.1 with the
spdep package (Bivand et al., 2014).

RESULTS

Spatial patterns of ancient Chinese populations manifest clear
temporal variations over the studied periods (Fig. 1). In the
relatively early periods, the population was primarily aggregated
in the North China Plain where Chinese civilization originated.
During the following two millennia, several spatial shifts of
high-density population clusters occurred that can be visually
identified from the population density maps, such as the south-
ward and northward shifts into the Yangtze and North China
plains, respectively.

All hypothesized human—environment relationships can be
well fitted using SAR models, as shown by the high coefficient of
determination R* of 70-90% (Table 2). Such a high explanatory
power is largely attributed to the internal SAC of population
density. The pseudo-R* of the non-spatial components of the
SAR models reflects the variation captured by individual classes
of explanatory variables. In general, climate (temperature + pre-
cipitation, R* ¢. 5-40%), topography (R* c¢. 1-35%), land
resource quality (R* ¢. 10-45%) and population-concentration
structure (R? ¢. 10-65%) can all explain a substantial proportion
of the variation in population patterns, and together (i.e. the full
models) they capture c. 25-65% of the total variation. However,
variation partitioning shows that their explanatory powers
largely overlap with each other (Fig.2), indicating that the
hypothesized mechanisms can jointly explain the observed pat-
terns in most cases.

Closely scrutinizing the pairwise relationships separately
reveals the effects of each explanatory variable (Appendix S3).
In line with our first hypothesis, population density shows a
hump-shaped relationship (indicated by the negative quadratic
terms) with both temperature and precipitation. These two cli-
matic variables jointly influence population density, but tem-
perature generally outweighs precipitation in terms of R* and
Akaike weights (o;) (Table 2). In most studied periods, negative
effects are found from the topographic variables, suggesting that
increasing topographic relief can restrict population density,
which agrees with our second hypothesis. Despite the generally
weak explanatory power of topography, occasional exceptions
exist in which the topographic model has a fairly high likelihood
of being the best model (i.e. 1381 ce and 1578 cEe). We also
found positive relationships between population density and
soil water storage capacity, sand fraction, as well as density of
hydrological systems, suggesting that a persistent role exists for
soil and surface water in supporting agriculturalist populations.
Apart from those environmental effects, the simple spatial struc-
ture of the concentration of population also shows a highly
consistent effect across time, which can explain considerable
variations in population density, presenting the best model with
the largest ®; value in five out of the 13 studied periods
(Table 2).

DISCUSSION

Although the idea that biogeographic determinants may under-
lie human civilizations has been around for decades (Lamb,
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0.49
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0.38
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0.03
0.10
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0.13

Temperature model
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Table 2 Model performance shown by the pseudo-R* of the simultaneous autoregressive models (total R? and the non-spatial components NS R?) and Akaike weights (®;).
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0.87 0.16

742
1078
1102

n
0
N

1030-1039,

Macroecological patterns of ancient agriculturalists

38233 1982; Diamond, 1997), evidence supporting this concept based
on quantitative analysis remains largely insufficient. A major
part of the world’s population over the past millennia has con-

g § f E sisted of agriculturalists. This is still the case in many regions to
the present day. Our understanding of the history and future

52 development of human societies can increase based on the

eeee quantification of large-scale patterns and potential determi-

e w e o nants of socio-economic traits of agrarian societies (Turchin &

2333 Nefedov, 2009; Beck & Sieber, 2010). By using high-quality,
recently developed data sources and spatial modelling tech-

® @ og niques, our study provides useful insight into this issue from a

S <SS s macroecological perspective. Our results support the formu-

_ o lated hypotheses on the relationships between agriculturalists

222 and the environment, and help to unravel the mechanisms
shaping agriculturalist patterns.

L2 The foremost finding of our study is that populations of

°e=- ancient agriculturalists have had conspicuous correlations with
environmental factors over the last 2000 years, suggesting that

T =2 % physical environments have, to a considerable extent, deter-
mined the population patterns of agriculturalists. This finding

5z clearly demonstrates that our own species is constrained by

S 3o o several macroecological factors, and that even our substantially
developing capability for ecological engineering cannot exempt

S22 us from these constraints over an extended period of time and
history. Our results suggest the possibility that there are certain
similar ecological mechanisms underlying the formation of

EX =23 i i

P macroscale patterns for both H. sapiens and other species. One
plausible mechanism rests on the extended ‘abundant-centre’

% =8 & hypothesis. In line with the theoretical prediction that the

oS o o O
highest abundance of species occurs at optimal conditions in the
ecological niche space, we found that agriculturalists consist-

S = = 9 . .. . .

2229 ently had their largest densities at intermediate levels of tem-

oS o o O
perature and precipitation in all studied periods. The growth of
the main crops in China, including rice and wheat, can be

Q- stressed by either insufficient or excessive heat and/or water.

e e- Earlier studies modelling the climatic niches of these crops
indeed show hump-shaped suitability along these climatic gra-

(S RS dients (Appendix S5). In this sense, the climatic constraints that

S S S S . .
control crop production are also effectively the macroscale con-

S g as straints of agriculturalist populations even though this effect

S s s S may be tempered by storage and transport capacities at relatively
small scales. This climate—agriculturalist relationship is roughly

a58s confirmed by the substantially overlapping spatial ranges of

ceee clusters of high population and areas presenting high climatic
~ e in e suitability of the main crops (Appendix S5). Also, approximate

R © N D

S S s s congruence can be observed between the reconstructed past
cropland patterns (Kaplan et al., 2010; Klein Goldewijk et al.,

— O FH O . .

2222 2011) and our reconstructed population patterns. This congru-
ence can further support our hypothesis, although it cannot

o o serve as a robust confirmation because of the inherent feedback

I22z between agriculturalists and croplands.

Among the three classes of environmental factors tested in

8 % QK our study, climate had the largest pure effect (Fig. 2) in deter-
mining the macroscale patterns of agriculturalist populations.

Sz ®g The dominant role of climate has been perceived in general as a

4ot control on species distributions at large spatial scales (Pearson &
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Figure 2 Result from variation partitioning among the climate, topography, resource quality and concentration models. Variations that
can be solely explained by a focal individual model (pure, black bars) and that can be jointly explained by all four models (overlapped, grey
bars) were quantified based on the non-spatial components of the simultaneous autoregressive models.

Dawson, 2003). Moreover, our results indicating the relative
importance of energy and water agree with previous work based
on a time-series analysis showing that in ancient Chinese soci-
eties population size was primarily determined by temperature
(Lee et al., 2009); however, our study also reveals an interesting
similarity between H. sapiens as an agriculturalist species and
other species in the sense that energy generally acts as the prin-
cipal determinant at macroscales (Hawkins ef al., 2003).

Our topographic hypothesis is mainly based on the fact that
wheat and rice have been the primary food resources of Chinese
populations over a long history. The production of these crops
that support human populations strongly depends on cultiva-
tion practices, which were largely constrained by topographic
conditions in the pre-industrial era. Our hypothesized negative
topographic effect is supported by our results. However, such an
effect may not be observed in other regions of the world. For
example, some important crops such as potatoes and corn origi-
nated in mountainous areas, and their production is much less
constrained by topographic conditions. In this sense, topo-
graphic constraints may not operate through limiting crop pro-
duction in areas where these crops are the major food resources.

Our three hypotheses reflect the environmental effects on
food availability for agriculturalists. By supporting these
hypotheses, our results suggest that food resources are likely to
be a direct factor shaping species abundance patterns, and this is
common to H. sapiens and other species. Recent studies have
increasingly acknowledged the significance of biotic interactions

in driving macroecological patterns (Aratjo & Luoto, 2007). In
particular, as an important type of biotic interaction across
trophic levels, dietary resources are found to play a substantial
role in this context (Kissling et al., 2007). In an ecological sense,
feeding on other species creates a fundamental interaction
between H. sapiens and food species, and this type of interaction
is probably more important for agriculturalists than any other
type of biotic interaction. Therefore, one would expect to find
evidence of the dependence of agriculturalist patterns on the
environmental conditions that determine the abundance of
food resources. Albeit not very surprising, this result has an
important implication that similar ecological relationships
plausibly occurs between human beings and other (consumer)
species.

Apart from these observed environmental correlations, a
simple spatial population structure that shows a concentration
of humans toward national capitals can also capture a portion of
the patterns of agriculturalist populations. Note that the vari-
ations explained by the concentration model substantially
overlap with other models that characterize environmental
effects, suggesting that the concentration structure could be
partly attributed to environmental gradients. Accurately disen-
tangling the relative strengths of environmental versus socio-
economic effects would prove difficult without more detailed
data. Nonetheless, our analyses indicate that equal attention
should be paid to both types of effect in future research efforts to
acknowledge the dual nature of human beings.
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Multiple lines of evidence discovered from numerous sites of
both ancient and current civilizations world-wide suggest that
environmental factors often play a fundamental role in human
occupation and the development and collapse of human soci-
eties (Diamond, 2005; Butzer, 2012). Meanwhile, much debate
exists on this issue, since markedly diverse environmental
effects emerge when evidence is gathered at a small scale (e.g.
site-level evidence) from different geographic locations and cul-
tures. For instance, humans generally select regions with a mild
climate and plain lowlands to establish settlements, but dense
occupation can also be found in rather ‘harsh’ environments
such as mountainous Mexico (Caballero et al., 2002) and the
high Andes (Nunez et al., 2002). Note that these exceptions are
not contradictory to our findings, because of the large differ-
ence in observation scale. It has been well recognized that deter-
minants of species distribution/abundance can substantially
shift with scale (Elith & Leathwick, 2009). Our study can
provide a large-scale view on our own species, which is neces-
sary to complete our current understandings of human—
environment relationships that are mostly based on small-scale
observations. Supported by our results, we speculate that
macroecological constraints (e.g. climate and topography) will
definitely have a substantial influence on human populations in
a similar way to their affect on other species, if observations are
taken at adequately large scales (e.g. a continental or global
scale).

Some caveats need to be acknowledged in our study. Although
our assumption that the large-scale patterns of environmental
variables remained stable over the two millennia may be sound,
it is very difficult to validate because spatial information on
historical environments is not available at the scale of our study.
The explanatory power of the models has apparent temporal
variations (Fig. 2); however, we neither recognize any clear trend
nor have any definite explanations for this from the present
study. Some specific social events may have driven the agricul-
turalist patterns and diluted the environmental effects during
particular periods, and these were not considered in this study as
it was beyond our scope. Interestingly, spatio-temporal dynamic
features of agriculturalist densities should be noted. For
example, a clear southward shift of high-density population
clusters took place from 1102 to 1290 ck (Fig. 1). The explana-
tion from a historical view would be that the frequent, intense
wars during a dynastic change (in this case from the Song to
Yuan dynasties) caused the reduction and southward migration
of populations in northern China. However, a simple logistic
model taking into account environmental effects can offer an
ecological explanation for dramatic population changes (Lima,
2014). Intuitively, the shift in population patterns could be
induced by climatic cooling during that time period that caused
agricultural conditions to deteriorate in northern wheat pro-
duction and pastoral regions; this made it impossible for the
landscape to support dense human populations (Lee et al.,
2008). Our study serves as a starting point in the analysis of
macroecological patterns of humans; a detailed investigation
into the spatio-temporal dynamics in this context is an area for
further research.

Macroecological patterns of ancient agriculturalists

We may gain important insight into present and future of
human societies by learning from history. Climate change has
been demonstrated to be associated with a series of general
crises in human history (Hodell et al., 1995; Lee & Zhang, 2010;
Zhang et al., 2011); such change has also been suggested to be
part of the reason for some social conflicts in recent decades
(Burke et al., 2009; Hsiang et al., 2011). Our results showing the
agriculturalist-environment relationships have useful implica-
tions that will allow a better understanding of the consequences
of global environmental change for human well-being in the
future (Dearing et al., 2010), since currently about half of the
world’s people still live in agricultural populations. This is still
the case in many regions where people are strongly dependent
on local to regional food production regardless of whether they
themselves are involved in agriculture or are living in an agrar-
ian society. Follow-up studies that address macroscale spatial
patterns of humans and their associated driving mechanisms are
encouraged because they will support policy-making decisions
related to adaptation to profound environmental changes.
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